We study CP violation in a theory of the EPR-like effects due to neutrino oscillations in the π → µν decays. We show that the oscillation probabilities Pν e , Pν µ and Pν τ become functions of the CP violating phase δ in the mixing matrix of three generations of Dirac neutrinos. However no such dependence on δ was found in the case of two generations of Majorana neutrinos. Its experimental implication constitutes extra contributions apart from the usual space-time correlations of neutrino and muon when they are both detected, while the pion decay point is not fixed.
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The origin of CP violation is an open problem in particle physics today. Although the CP violation is incorporated into the quark sector of the standard model through the phase of CKM [1] mixing matrix, masslessness of neutrinos forbids any such effect in the lepton sector. However in almost all extensions of standard model, neutrinos acquire mass and thereby imply CP violation in the lepton sector. In particular, CP violation in the neutrino flavour oscillations is an important phenomenon as it relates directly to the CP-violating phase parameter in the mixing matrix for the massive neutrinos [2] . Though this CP violating effect is supressed in the short baseline accelerator experiments if neutrinos have hierarchical mass spectrum, it was pointed out [3] that the suppression is avoidable in the long baseline accelerator experiments, which is expected to operate in the near future [4, 5] .
In recent times there have been suggestions [6, 7] that neutrino flavour oscillations can cause space-time oscillations of the observation rate of the beam of muons from the π-meson decay. More recently it was claimed [8] that in coincidence experiments, in which both the charged lepton and neutrino, born in the same decay, are detected; specific EPR-like oscillations [9] can show up. With the suggestions [10] of using EPR-like effects to obtain information about particle properties: the parameter of K 0 decays and CP violation in the B meson systems, the study of EPR correlations has evolved from an illustration of some of the surprising features of quantum mechanics to a practical tool for determining physical parameters [11] [12] [13] . In this paper we study CP violation in the lepton sector of the standard model in such a scenario.
In the following, after presenting a discussion of the general framework to study such EPR-like neutrino oscillations [8] , we consider the case of two generations of Majorana neutrinos and incorporate CP violation through the phase in the 2 × 2 mixing matrix. Then we extend it to the case of three generations of Dirac neutrinos and give expressions of probabilities for various neutrino oscillations as functions of CP violating phase in a CKM-like mixing matrix. Finally we discuss on the possibility of tagging this CP violating phase in experimental situations.
If the neutrino mass matrix is not flavour diagonal then the flavour neutrinos ν l (l = e, µ, τ ) are non-trivial mixtures of the mass eigenstates ν n (n = 1, 2, 3) with masses m 1 > m 2 > m 3 :
We consider the decay π → µν and the relevant part of the standard model Lagrangian consists of the charged-current terms:
We assume that all particles are on the mass shell:
and the pion has a definite 4-momentum p π = (E π , p π ) such that the conservation law:
alongwith the direction of, say, p νn determines the 4-momenta p µn = (E µn , p µn ) and p νn = (E νn , p νn ). * e-mail: mksamal@iopb.ernet.in
We analyse the type of experiments when both neutrino and muon are detected and we calculate the probability to detect both muon µ and neutrino ν as oscillating functions of the distance d between the muon and neutrino detection points x µ and x ν respectively, of the time interval ∆t between "clicks" of the two detector and the neutrino mixing matrix elements.
The amplitude to detect a muon at a space-time point x µ together with a neutrino of flavour l at a point x ν is
where ψ pπ is the wavefunction of the µν system and the corresponding probability is:
For the two generations of Dirac neutrinos, the mixing matrix is devoid of any CP violating phase and the wavefunction of the µν system evolves in space-time [8] 
where
and |µ >, |ν 1 > and |ν 2 > are state vectors of the muon µ and neutrino mass eigenstates ν 1 and ν 2 respectively. The space-time co-ordinates of muon and neutrino are x µ and x ν respectively whereas x i is the co-ordinate of the decay point. The muons emitted together with the ν 1 and ν 2 have respective momentum p µ1 and p µ2 . In this case the amplitude can be written as
with the coefficients
Hence the probability of detecting a ν µ is [8]
and the equality (p ν1 − p ν2 ) = −(p µ1 − p µ2 ) has been used to get the above expression. Similarly if the neutrino is detected to be ν e
The probability oscillates in space and time with the change of x µ and/or x ν , presenting a kind of EPR effect. Moreover, oscillation length and oscillation frequency are different from the standard [14] 
2 ) and L −1 respectively. As a simple extension, let us consider two generations mixing of Majorana neutrinos to investigate how the CP phase affects the probabilities. In general, the mixing matrix is parametrised in terms of a mixing angle and a CP violating phase [15] as cos θ sin θe
Taking into account the change in the mixing matrix the wavefunction of the µν system now evolves in space-time as
The
It is easy to see that the presence of the CP phase in two of the above coefficients do not affect the probability as it drops out as an absolute phase. Now let us consider the case of three generations of neutrinos by generalizing the case discussed above. The representation of the unitary matrix [1, 16] depends on the type of neutrinos. Majorana neutrinos can have three non-zero CP phases whereas Dirac neutrinos can have only one CP phase. We will study the case where only one non-zero CP phase appears, but the extension to the case with more than one CP phase is straight forward.
It is convenient to describe the neutrino mixing matrix by the modified Maiani representation advocated by Particle Data Group [17] 
where s ij ≡ sin θ ij , c ij ≡ cos θ ij . In this case the amplitude (5) can be written as
with the new space-time dependance φ 3 given as
apart from the previous ones φ 1 and φ 2 . The coefficients are in general functions of the three mixing angles and the CP phase δ as follows: 
Evaluating the above coefficients for the case l ≡ µ and using eqns.(18,6) we found the probability for the neutrino being a ν µ to be
where the coefficients M 1 , M 2 and M 3 are functions of angles and given as 
Similarly the probability for the neutrino being a ν e is found to be
where 
Finally the probability for the neutrino being a ν τ is
These probabilities oscillate not only with the differences (x µ − x ν ) ≡ d and (t µ − t ν ) ≡ ∆t but also with the CP phase δ. The oscillation length and oscillation frequency depend on the pion momentum and for the case of a pion in flight with strictly fixed momentum [8] 
µ are the energy of the neutrino and muon respectively in the rest frame of the pion. Similarly one can calculate (φ 2 − φ 3 ) and (φ 3 − φ 1 ). The oscillation length and oscillation frequency have been discussed extensively in ref. [8] . We will focus only on the CP phase δ dependence of the probability.
For a comparision let us note that the probability of standard flavour oscillations of ν l → ν l with the neutrino energy E after traversing the distance x can be written [15] as
where ∆m
n and U ln denote the elements of the 3 × 3 neutrino flavour-mixing matrix. The direct measurements of CP violation originating from the phase of the neutrino-mixing matrix are the differences of the transition probabilities between CP-conjugate channels [2] :
and J ν CP is the rephasing invariant quantity of CP violation in the neutrino-mixing matrix as well as the one in quark sector [18] . In terms of the standard parametrization of the mixing matrix [17] it is given as 
where δ is the CP violating phase. It is to be noted that in the above expressions for P νe and P ντ , the terms containing sin δ essentialy contain the J ν CP when properly factored out. Once P νµ is determined experimentally, eqn.(21) can give cos δ modulo the sign. To fix the sign of cos δ the experimental value of P νe can be used along with cosδ in eqn.(23) to solve for sin δ. Thus, a bound on the rephasing invariant measure of CP violation J ν CP can be given numerically by varying all the c ij 's and s ij 's over their full range provided one knows P νµ and P νe experimentally. In any experiment which detects both muon and neutrino from the same decay [19, 20] this difference between the CP conserving case and CP violating case could be observed.
To sum up, we have shown that the oscillation probabilities P νe (x µ , x ν ), P νµ (x µ , x ν ) and P ντ (x µ , x ν ) have contributions that are functions of the CP violating phase δ in the mixing matrix of three generations of Dirac neutrinos. Its experimental implication constitutes extra contributions apart from the usual space-time correlations of neutrino and muon when they are both detected, while the pion decay point is not fixed. Using the experimental values of P νµ and P νe , one can give numerical bounds for the rephasing invariant measure of CP violation J ν CP in the lepton sector. However no such dependence on δ was found in the case of two generations of Majorana neutrinos.
